The solid-state structures of all members in the series of trichalcogenaferrocenophanes [FeĲC 5 H 4 E) 2 E′] (E, E′ = S, Se, Te) (1-9) have been explored to understand the trends in secondary bonding interactions (SBIs) between chalcogen elements sulfur, selenium, and tellurium. To complete the series, the crystal structures of the four hitherto unknown complexes [Fe(C 5 (7) have been determined in this contribution. The packings of all complexes 1-9 were considered by DFT calculations at the PBE0/pob-TZVP level of theory using periodic boundary conditions. The intermolecular close contacts were considered by QTAIM and NBO analyses. The isomorphous complexes 
Introduction
The concept of secondary bonding interactions (SBIs) 1 describes interatomic interactions that are longer than covalent single bonds, but shorter than the sum of van der Waals radii of relevant atoms. They have also been known as non-covalent, soft-soft, closed-shell, semi-bonding, non-bonding, and weakly bonding interactions. In the case of halogen, chalcogen, and pnictogen atoms, they are also known as halogen, chalcogen, and pnictogen bonds, respectively. Meanwhile, SBIs also include hydrogen bonding, and the strength of the interactions between the p-block elements becomes more significant upon going down the groups in the periodic table. Secondary bonding interactions are currently considered to be due to electrostatic and dispersion effects in which the so-called σ-hole and polarizability play important roles. 2 On the other hand, the interactions involving chalcogen compounds have traditionally been described as donor-acceptor interactions n 2 ĲD) → σ*(E-X) in which the lone pair of a donor atom D interacts with the antibonding σ* orbital of the heavy atom (E) and a more electronegative atom (X). This 3c-4e arrangement is of variable strength, from a very weak interaction to that of a hypervalent single bond. 3a The energy difference between the σ(E-X) and σ*(E-X) orbitals diminishes upon going down the periodic table and therefore SBIs are stronger for tellurium compared to those of selenium and sulfur. 4 However, even in the case of lighter chalcogen compounds, the complete description of the SBIs also requires the consideration of orbital interactions, as well as electrostatic and dispersion contributions. 2, 3 The different nature of interactions even in related compounds is exemplified by the observation that telluradiazoles show predominantly covalent interactions, 5 but those in isotellurazole N-oxides are electrostatic, 6 and the interactions in bisĲalkynyl)tellurides are mainly due to dispersion. 4 It has, however, been concluded several times that there is no real difference between charge transfer and electrostatic attraction combined with polarization effects. 2c,7 Furthermore, it has also been pointed out that interaction energies into contributions by different components, such as "electrostatics, exchange, Pauli exclusion, polarization, charge transfer, dispersion, induction, orbital interactions, electronic correlation, delocalization, deformation, etc.", 2c have been proposed, they cannot be considered independent contributions, and the results are likely not to be even qualitatively meaningful. When considering interactions in chalcogen compounds, the strongest SBIs are found when the donor atom is oxygen or nitrogen, but chalcogen-chalcogen interactions are also known. 3 Typical examples containing chalcogen-chalcogen SBIs are hexagonal allotropes of selenium 8 10, 12 In this contribution, we complement the structural and spectroscopic characterization of the whole series of [Fe(C 5 H 4 E) 2 E′] (E, E′ = S, Se, Te) containing both homo-and heteronuclear chalcogen chains by reporting the preparation and crystal structures of 3, 4, 6, and 7. All structural data for complexes 1-9 are compared and discussed in terms of trends in the chalcogen-chalcogen secondary bonding interactions. The experimental information is complemented by solid-state DFT calculations, which provide insight into the nature of SBIs in these systems. 7) were collected using a Nonius Kappa CCD diffractometer at 120 K (3 and 4) and at room temperature (6 and 7) using graphite monochromated MoKα radiation (λ = 0.71073 Å). Crystal data and details of the structure determination are given in Table S1 in the ESI. † Structures were solved by direct methods using SHELXS-2013 and refined using SHELXL-2013. 20 After the full-matrix least-squares refinement of non-hydrogen atoms with anisotropic thermal parameters, the hydrogen atoms were placed in calculated positions in the cyclopentadienyl rings (C-H = 0.95 Å).
Experimental section
In the final refinement, the hydrogen atoms were riding with the carbon atom they were bonded to. The isotropic thermal parameters of the hydrogen atoms were fixed at 1.2 times that of the corresponding carbon atom. The scattering factors for the neutral atoms were those incorporated with the programs.
Computational details
Solid-state DFT calculations of the trichalcogenaferrocenophanes were carried out using the CRYSTAL14 software package 21 using the PBE0 functional 22 and localized atomic basis sets composed of Gaussian-type functions. Triple-zeta valence basis sets pob-TZVP, which were designed for solid-state calculations and include polarization functions, were used for sulfur, carbon, iron, and hydrogen. 23 The selenium basis set was derived from the pob-TZVP basis set by increasing the exponent of the most diffuse s function to half of the second most diffuse s function and determining the exponent of the most diffuse p function from the other p functions using the even-tempered method. 24 We used the same modified basis set for tellurium as that previously employed. 25 The optimization was started from the experimental X-ray structures. Both the lattice parameters and atomic positions were optimized in the calculations. Monkhorst-Pack-type
grids of k-points in the reciprocal space were generated using a shrinking factor (SHRINK) of 8. For the evaluation of Coulomb and exchange integrals (TOLINTEG), tolerance factors of 7, 7, 7, 7, and 14 were used. Default optimization thresholds and integration grid for the density functional part were employed in all calculations. The effect of dispersion forces on energy was modeled using Grimme's empirical D2 model. 26 The D2 model has a tendency to overemphasize weak interactions 26b and therefore the SBIs in the optimized structures are shorter than the corresponding contacts in the experimental structures. Despite this overbinding, the calculated structures are considered to give meaningful relative strengths of the different chalcogen-chalcogen bonding interactions, which have been analyzed using topological analysis of the electron density. 27 In previous studies, an empirical relationship between the hydrogen bond interaction energy and potential energy density at the bond critical point has been suggested by Espinosa et al. as E int = V BCP /2. 28 The use of this relationship has been extended by others to other weak closed-shell interactions 29 and the relationship is adopted here as an additional descriptor for qualitatively comparing the relative strengths of chalcogen-chalcogen contacts and hydrogen bonds. It should be noted that the reliability of the results from the relationship has been questioned 30 and they should be considered qualitative at most. Topological analysis was performed with the TOPOND module 31 implemented in the CRYSTAL14 program.
For TOPOND calculations, basis sets were modified by removing the f functions from iron and tellurium. The donor-acceptor nature of the chalcogen-chalcogen interactions between trichalcogenaferrocenophanes has been studied using natural bond orbital (NBO) analysis 32 on snapshots of the optimized crystal structures. Each of the snapshots included four molecules to represent the closest chalcogen-chalcogen interactions in the crystal structures (see the ESI †) and donor-acceptor interaction energies were estimated by second-order perturbation theory analysis between filled donor NBOs and vacant acceptor NBOs. The NBO analyses were carried out using NBO 5.9 software 33 on Kohn-Sham orbitals from a PBE0/pob-TZVP single point Gaussian 09 calculation. 34 Results and discussion
Crystal structures
Each lattice of 1-9 consists of similar discrete molecules, as shown in Fig. 1 together with the numbering scheme of atoms, which has been used in the case of complexes 3, 4, 6, and 7 determined in this contribution. 14 respectively. All these distances are well below the sums of van der Waals' radii of the elements in question. 35 All complexes 1-9 are also linked together with H⋯E (E = chalcogen) bonds and also show E⋯π and H⋯π electron interactions involving the cyclopentadienyl rings. The shortest close contacts are exemplified in Fig. S1 (1) 
. 10 The packings of 1, 2, 5a, 5b, 8, and 9 have been redrawn from crystallographic information in the appropriate references. and the number of chalcogen-chalcogen interactions increase, the number of H⋯E, E⋯π and H⋯π interactions diminishes. Only the tellurium-containing complexes 3, 6, 8, and 9 exhibit π-stacking of the cyclopentadienyl rings.
Secondary bonding chalcogen-chalcogen interactions in [FeĲC 5 H 4 E) 2 E′] (1-9)
The intermolecular E⋯E′ (E, E′ = S, Se, Te) bond orders for the experimental structures have been estimated using Pauling's relationship, 36 and the relative bond orders for the optimized structures were calculated from the bond critical point electron densities determined using the QTAIM theory (see Table 1 ). 27 The corresponding bond critical points are shown in Fig. 3 (see the ESI † for a more detailed description of the calculations of the QTAIM bond orders). The estimated interaction energies for the different chalcogen-chalcogen contacts are also presented in Table 1 . Consistent with the relatively long close contacts in complexes 1, 2, 4, and 5, which are near to the sums of the corresponding van der Waals radii of the atoms in question, the electron density values at bond critical points, as well as both the Pauling and QTAIM bond orders and interaction energies, indicate that the intermolecular chalcogen-chalcogen interactions in these complexes are weak (see Table 1 ). The electron density values at bond critical points, the bond orders, and the interaction energies are higher in complexes 3, 6, and 7-9, which contain tellurium. This is in accordance with the conclusions of previous studies. 3, 4 A simple model of donation of the p lone-pair electrons to the anti-bonding σ* orbital has been used to describe the chalcogen-chalcogen SBIs qualitatively, 3, 4 though they can also be accounted for by the presence of a σ-hole together with electrostatic and polarization effects. 2 The correlation between QTAIM bond orders and the collinearity of the E⋯E′-X moieties (E, E′ = S, Se, Te; X = S, Se, Te, C) shown by the interactions (see Table 1 ) are in agreement with both models of the interactions. In order to compare the relative donor-acceptor interaction strengths, we carried out NBO analyses for [FeĲC 5 H 4 S) 2 (9) that the interaction energies are significantly higher. The largest interaction energies in 9 are shown in Fig. 5 together with the observed and computed intermolecular distances. It can be seen that they correlate very well with the closest intermolecular contacts observed in the crystal structures and also with the relative QTAIM electron density values, bond orders, and interaction energies (see Table 1 ). Fig. 3 The QTAIM bond critical points in the optimized structures of (a) All significant interaction energies in 9, which are shown in Electrostatic effects involving the lone-pair electrons and the σ-holes of the chalcogen-chalcogen bonds strengthen the attractive interaction between the complexes in each case. This effect may be inferred by the PBE0/pob-TZVP natural charges of the chalcogen atoms, as shown in Table 2 . The charge on the central chalcogen atom is nearly zero, as expected for atoms in the middle of homonuclear chains. The terminal chalcogen atoms, however, carry a significant positive charge. It is reasonable that these atoms are attracted by lone-pair electrons. Also, this effect is most prominent in the case of tellurium. The interaction energies involving hydrogen bonds and π-stacking in [FeĲC 5 H 4 E) 2 E] [E = S (1), Se (5a and 5b), Te (9)] are compared in Table 3 . The interaction energies of the hydrogen bonds seem to be of the same order of magnitude in all three complexes. It can be concluded that H⋯E and H⋯π hydrogen bonds play a determining role in the lattice of 1, but their significance diminishes in 5a and 5b. In the case of [Fe(C 5 H 4 Te) 2 Te] (9), the hydrogen bonds have a minor effect and the structure of the lattice is determined by Te⋯Te SBIs. This seems to be the case in all complexes containing tellurium.
H⋯E, E⋯π and H⋯π interactions in [FeĲC
It can also be verified in Table 3 that the cyclopentadienyl rings are only involved in π-stacking in the case of 9.
Conclusions
Trichalcogenaferrocenophanes [FeĲC 5 H 4 E) 2 E′] (E, E′ = S, Se, Te) (1-9) are a useful series for studying the trends in secondary bonding interactions (SBIs) between chalcogen elements sulfur, selenium, and tellurium. In this contribution, we have compared the structures and packings of all [Fe(C 5 H 4 E) 2 E′] complexes (1-9). We have prepared and determined the crystal structures of all hitherto missing members of the series (3, 4, 6, and 7). The comparison of the experimental crystal lattices with those optimized at the PBE0/pob-TZVP level of theory utilizing periodic boundary conditions has enabled inferences on the geometries and relative strengths of the intermolecular interactions that have been explored by the use of QTAIM and NBO analyses.
Complexes 1, 2, 4, 5a and 5b show only weak intermolecular interactions. The isomorphous 1, 2, and 5a form dimers where the most significant interaction is between the central chalcogen atoms of the two trichalcogena chains of adjacent complexes. In the second isomorphous series consisting of 4 and 5b, the complexes are linked together into continuous chains by short contacts via the terminal selenium atoms.
The intermolecular interactions are expectedly stronger in complexes 3, 6, and 7-9, which contain tellurium. 
The donor orbital is shown in blue and the acceptor orbital in red. The experimental values from the crystal structure are given in upright font and the corresponding parameters from the DFT calculations in italics.
computed natural charges of the chalcogen atoms indicate that electrostatic effects strengthen the attractive interactions in the case of all chalcogen atoms. 
